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NOTICE 

This r e p o r t  was prepared as an account of  Government sponsored work. 

Ne i the r  t h e  United S t a t e s ,  n o r  the Nat ional  Aeronautics and Space 

Administration (NASA), nor any person a c t i n g  on behalf  of NASA: 

A . )  Makes any warranty o r  r e p r e s e n t a t i o n ,  expressed o r  

implied,  with respect  t o  t h e  accuracy, completeness, o r  

u se fu lness  o f  t h e  information contained i n  t h i s  r e p o r t ,  

o r  t h a t  t h e  use o f  any information,  appa ra tus ,  method, 

o r  process  disclosed i n  t h i s  r e p o r t  may n o t  i n f r i n g e  

p r i v a t e l y  owned r i g h t s ;  o r  

B.) Assumes any l i a b i l i t i e s  with r e s p e c t  t o  t h e  use o f  o r  f o r  

damages r e s u l t i n g  from t h e  use of any information,  appara- 

t u s ,  method o r  process d i sc losed  i n  t h i s  r e p o r t .  

As used above, "person a c t i n g  on behalf  o f  NASA" inc ludes  any employee 

o r  c o n t r a c t o r  of NASA, o r  employee of such c o n t r a c t o r ,  t o  t h e  e x t e n t  

t h a t  such employee o r  con t r ac to r  of N A S A ,  o r  employee o f  such c o n t r a c t o r  

p repa res ,  disseminates ,  o r  provides access t o ,  any i n f o m a t i o n  pursuant  

to h i s  employment o r  c o n t r a c t  with NASA, or  h i s  employment with such 

c o n t r a c t o r .  
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SECTISX I. TEE >?ECHAXISY OF PORO3S ESECTXODES 

The ex?er inenta l  work of this s e c t i o n  h a s  been completed, and 

t h e  e s s e n t i a l  results of t h e  s t u d y  are sunnarized.  

com?lete write-up a r e  being prepared and w i l l  be submitted when complete. 

Papers arid a 
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SECTION 11. THE MECHANISM OF ELECTROCATALYSIS 

Work done i n  t h e  f i e l d  of Mechanism o f  E l e c t r o c a t a l y s i s  f o r  

2+ 3+ s h p l e  e l e c t r o d e  r e a c t i o n s  e . g .  h . e . r ,  and Fe /Fe redox r e a c t i o n s  

were summarized t o g e t h e r  with some e m p i r i c a l  g e n e r a l i z a t i o n s  based on 

t h e  experimental  d a t a .  

fo r  e l e c t r o c a t a l y s i s  is  under evaluat ion.  

Sec t ion  ( i . e . ,  t h e  end of t h e  t h e s i s )  w i l l  terminate  i n  March '67. 

The consequences of such d a t a  on t h e  model 

The t h e s i s  and Discussion 

vi 



. 
SECTIOIU' III .  POTENTIAL OF ZERO Cf-IARGE 

I n  t h e  p re sen t  r e p o r t  period capaci tance p o t e n t i a l  da t a  are 

r epor t ed  for platinum s i l v e r  and n i cke l .  

vacuum t r e a t e d  platinum is i n  the  same range as e a r l i e r  repor ted .  

Concentrat ion v a r i a t i o n  i n  a l k a l i n e  s o l u t i o n s  for  capaci tance on 

platinum is s tudied .  

for s i l v e r  and n i c k e l .  A new method f o r  t h e  measurement of  t h i s  

p o t e n t i a l ,  - depending on t h e  v a r i a t i o n  of f r i c t i o n  with p o t e n t i a l ,  - 
was invented.  

P o t e n t i a l  of zero charge for 

P o t e n t i a l  of ze ro  charge va lues  are repor ted  

v i i  



SECTIOX I V .  ADSORPTION IN THE DOUBLE LAYER YITH SPECIAL ?EFERE!I’CE TO 
THERPXL EFFECTS 

Yeasurements on benzene adsorpt ion on p l a t i n i z e d  platinum were 

c a r r i e d  out  by means of p o t e n t i a l  sweep (potentiodynamic) and galvano- 

s t a t i c  method. Comparison between t h e s e  two methods and r a d i o t r a c e r  

method w a s  done. Apparatus for p o t e n t i o s t a t i c  method was prepared,  

and measurements i n i t i a t e d .  

is i n  process .  A new Pro jec t  w i l l  be commenced i n  March ‘67. 

A paper which d i s t i n g u i s h e s  t h e  methods 

v i i i  
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S E C T I O N  V.  E E C T R O D E  K I N E T I C  ASPECTS OF ENERGY CONVERSION 

The book with D r .  S r in ivasan  (MacGraw-Hill) cont inues  t o  be 

w r i t t e n .  I t  i s  between t h e  2nd and t h e  3rd d r a f t .  A l l  chap te r s  have 

now been s e n t  t o  a t  least  2 r e f e r e e s  p e r  chap te r  and t h e i r  comments 

taken  i n t o  account i n  r e v i s i o n s  made throughout t h e  book. The time 

spen t  on t h e  book a t  p r e s e n t  is: 

S. Sr in ivasan:  25 hours/week 

J. O'M. Bockris:\: 1 0  hours/week 

Schedule : 3 chap te r s  s e n t  t o  pub l i she r s  

Feb. 1967 ;  7 f u r t h e r  chap te r s  

( i .e . ,  res t  of book) May lst ,  1967 

*Alternate:  

wi th  D r .  S r in ivasan .  

2 day weekend s t r e t c h e s  of about 20 hours  i n  d i scuss ion  
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SECTICN VI. THEORY OF CHARGE TRAKSFER 

Mr. J .  DiEgle, who is j u s t  completing t h e  r e sea rch  degree of 

t h e  iioyal I n s t i t u t e  of Chemistry, is delayed i n  arr4va1,  due t o  t h e s i s  

w r i t i n g .  He w i l l  work on t h e  charge t r a n s f e r  problem i n  s o l u t i o n  when 

he a r r i v e s .  
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SECTION VII. INTRODUCTION TO ELECTROCHEMISTRY 

The t h i r d  d r a f t  is a r r i v i n g  s t e a d i l y  from Dr. Reddy. 5 ou t  of 

10 chap te r s  have been received and r e p r e s e n t  reworkings of t h e  2nd 

d r a f t  which was prepared i n  Bangalore by d i r e c t  c o l l a b o r a t i o n  Bockris- 

Reddy i n  June and J u l y ,  1966. 

Bockris then has  t o  prepare t h e  4 th  d r a f t ,  g e t  it reviewed, 

t a k e  i n t o  account t h e  criticism, and send t o  t h e  pub l i she r .  

T ime  spen t  by Bockris: 

Schedule: 

Bockris f i n i s h e s  o t h e r  t a s k s  August lst, 1967. 

10 hours/week. 

Reddy f i n i s h e s  sending 3rd draft by April  30, 1967. 

x i  
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SECTION I .  THE MECHANISM OF POROUS ELECTRODES 

The experimental  section of t h i s  phase of t h e  s tudy of  porous 

e l e c t r o d e s  has  been completed, and e f f o r t  is being concentrated on 

t h e  compilation and wr i t i ng  of a t h e s i s  and s e v e r a l  papers which are 

to  be presented i n  t h e  n e a r  fu tu re  (14 Apr i l  - M i a m i  meeting - ACS: 

May - Dallas meeting Elec. Soc.). When completed t h e s e  papers  w i l l  

be a t t ached  t o  a f u t u r e  r e p o r t .  

The primary f i n d i n g s  o f  t h i s  r e sea rch  have been: 

1) It  is n o t  necessary t o  invoke a "thin-fi lm" above t h e  

meniscus t o  exp la in  t h e  high c u r r e n t s  ob ta inab le  i n  a "three-phase" 

e l e c t r o d e .  

t h i s  conf igu ra t ion ,  t h e  commonly employed wet-proofing and/or adsorbable 

o rgan ic  i m p u r i t i e s  w i l l  tend t o  e l imina te  t h i s  mechanism i n  real  f u e l  

While it i s  p o s s i b l e  t h a t  some e l e c t r o d e s  do ope ra t e  with 

cells. Also, geometric cons ide ra t ions  mili tate a g a i n s t  t h e  s t a b i l i t y  

of 111 t h i c k  f i l m s  i n  pores  of diameter any smaller than  2 ~ .  

2)  T o t a l  c u r r e n t s  ( p e r  cm) ob ta inab le  from f i n i t e  contact 

angle  menisci (F.C.A.M.) may be s l i g h t l y  lower than  those  ob ta inab le  

f r o m  a t h i n  f i l m  meniscus (T.F.M.) but since t h e  a c t i v e  area i n  a 

F.C.A.N. is much smaller (lo-'  cm f o r  F.C.A.M. vs  loe2  c m  for  T.F.M.) 

t h e  e f f e c t i v e  c u r r e n t  d e n s i t i e s  a r e  much higher .  

3 )  These high c u r r e n t  d e n s i t i e s  (and t h u s  high l o s t )  power 

d e n s i t i e s  cause l o c a l  hea t ing ,  l o c a l  evaporat ion i n  t h e  meniscus,.which 

can l e a d  t o  f looding,  and/or c a t a l y s t  drying and deac t iva t ion .  

LI) Even i n  t h e  T.F.M. l o c a l  hea t ing  can cause evaporat ion of 

t h e  t h i n  f i l m ,  f o r c i n g  a t r a n s i t i o n  t o  t h e  F.C.A.M. (Th i s  s i t u a t i o n  was 
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produced and s tud ied  during t h e  experimental  s e c t i o n ) .  

5 )  A computer s o l u t i o n  o f  t h e  pos tu l a t ed  d i f f e r e n t i a l  equat ion 

f o r  t h e  F.C.A.M.  gives  ar. exce l l en t  q u a l i t a t i v e  and q u a n t i t a t i v e  agree- 

ment with t h e  experimental  d a t a ,  and is  thus  probably a complete des- 

c r i p t i o n  of t h e  s i t u a t i o n ,  allowing i t s  use f o r  t h e  c a l c u l a t i o n  of 

curves under condi t ions  o t h e r  than those  used experimental ly .  For 

example, using t h e  cons t an t s  f o r  02 reduct ion  i n  10  NKOH, e x c e l l e n t  

agreement is found with d a t a  publ ished by o t h e r  workers (Har tner  e t  a l ,  

Vol. 7 No. 4 ,  P r e p r i n t s  of Papers Presented a t  N.Y. A.C.S.  Sept .  8-13, 

1963, p. 130-141) on t h e  e f f e c t  of p re s su re  on 02 reduct ion .  Thus, 

6 )  The equat ion .can  be used t o  p r e d i c t  t h e  behavior  of a 

porous e l e c t r o d e  system operated under a wide v a r i e t y  of hypo the t i ca l  

condi t ions .  

7) The computic s o l u t i o n  showed i n  a " typica l"  porous e l e c t r o d e  

most (99%) of t h e  randomly deposi ted c a t a l y s t  is  ou t s ide  t h e  a c t u a l  

working region.  

8) On t h e  b a s i s  of t h e  extremely small dimensions involved i n  

t h e  actual cu r ren t  producing region as c a l c u l a t e d  from t h e  equat ion ,  t h e  

t h i n  f i l m  e l e c t r o d e  was developed which gave ex t remely 'h igh  c u r r e n t  

y i e l d s  p e r  gram of  c a t a l y s t .  

2 



SECTION 11. THE ?ECHA.NISY OF ESECTROCATALYSIS 
~ ~~ 

I n  t h e  previous NASA r e p o r t s ,  t h e  experimental  work done t o  

i n v e s t i g a t e  t h e  effect  of e lec t rode  iiaterials on simple e l e z t r o c b e n i c a l  

r e a c t i o n s  have been descr ibed.  The r e a c t i o n s  chosen were t h e  h.e.r .  

i n  a c i d  and a l k a l i n e  media and redox r e a c t i o n .  

e l e c t r o d e s  were s tud ied :  

The following kinds of 

Noble metals 

Alloys of noble metals with noble o r  non-noble metals 

Alloys of non-noble metals 

Alloys of P t  with t r a c e  amount of redox c a t a l y s t s  (e.g.  

Mo and V) 

Carbides of T i ,  Ta and Boron 

Tungsten Bronzes w i t h  general formula of t h e  type,,,Nax,-=Woj 

(where x<l) 

The resul ts  have been published in  va r ious  r e p o r t s .  

r e p o r t ,  w e  w i s n  t o  p resen t  tne phenomenoiogicai conclusions and general- 

i s a t i o n s  t h a t  were der ived from those experimental  r e s u l t s .  

I n  t h e  p re sen t  

I t  was agreed a t  t h e  beginning of  t h i s  p r o j e c t  t h a t  t h e  e l e c t r o d e  

treatment be kept  as constant  as poss ib l e .  However, for  reasons d i scussed  

i n  a previous report , '  it was decided t o  change t h e  procedure of e l e c t r o d e  

t re a t  ment . 
However: with t h e  d a t a  a v a i l a b l e  i n  o u r  work it was found as a 

g e n e r a l  observat ion t h a t  t h e  thermally t r e a t e d  e l e c t r o d e s  were less 

a c t i v e  than  t h e  electrochemical ly  t r e a t e d  ones. 

3 



Also it was observed i n  t h e  hydrogen evo lu t ion  r e a c t i o n ,  t h a t  

a c t i v i t i e s  of t h e  e l e c t r o d e s  were g r e a t e r  i n  a c i d  s o l u t i o n  than  i n  

a l k a l i n e  s o l u t i o n .  

s p e c i f i c  t r end .  

However, t h e  o r d e r  of magnitude d id  not  show any 

Fur the r  d a t a  a r e  necessary i n  o rde r  t o  make any 

q u a n t i t a t i v e  g e n e r a l i s a t i o n ,  

The l i n e a r  change i n  a c t i v i t y  i n  Ni-Pd and Ni-Pt  a l l o y s  f o r  

h .e . r .  repor ted  e a r l i e r  may be l inked with t h e  l i n e a r  change i n  la t t ice  

parameter i n  these  a l l o y s .  2 

The t r end  i n  t h e  change i n  a c t i v i t y  i n  Au-Pd and Au-Pt a l l o y s  

have been l inked  with t h e  number of 'd'  e l e c t r o n s  i n  t h e  metal i n  a 

previous  r e p o r t .  1 

I n  t h e  Fe3+/Fe2+ redox r e a c t i o n ,  t h e  fol lowing g e n e r a l i s a t i o n s  

could be made: 

' 1) The log  io values  of t h e  noble metals  s t u d i e d  were found t o  

vary  l i n e a r l y  with work func t ion ,  f . 
r epor t ed  i n  l i t e r a t u r e  vary tremen0cusly, t h e  most probable  va lues  w e r e  

Since t h e  work func t ion  va lues  

c a l c u l a t e d  and t h e  u n c e r t a i n t i e s  have been i n d i c a t e d  in. f i g u r e  (1) 

vs  5 p l o t .  
0 -  

showing t h e  log  i 

Another important observat ion was t h a t  t h e  hea t  of a c t i v a t i o n ,  

c a l c u l a t e d  from t h e  v a r i a t i o n  of l o g  io - vs 1 / T  on var ious  noble  metals 

d i d  n o t  show any dependence on t h e  work func t ion ,  (cf. f i g u r e  ( 2 ) ) .  I 
The T i c ,  Tic and BbC e l e c t r o d e s ,  as w e l l  as t h e  tungs ten  bronze 

e l e c t r o d e s  w e r e  found t o  behave a s  b e t t e r  c a t a l y s t s  i n  t h e  redox reaction 

than i n  t h e  hydrogen evo lu t ion  r eac t ion .  Typical Tafel l i n e s  i n  both 

r e a c t i o n s  are shown i n  f i g u r e s  ( 3 )  and (4). 

4 
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SECTION 111. POTENTIALS OF ZERO CHARGE 

In t roduc t ion  

I n  t h e  p re sen t  r e p o r t  period measurements of  p o t e n t i a l s  of 

ze ro  charge on platinum were f u r t h e r  continued t o  determine whether 

t h e  platinum e l e c t r o d e s  were f r e e  of hydrogen. 

v a r i a t i o n  of e l e c t r o l y t e  concentrat ion on capaci tance o f  platinum 

Also, t h e  effect  of 

e l e c t r o d e s  i n  a l k a l i n e  s o l u t i o n s  was s tud ied .  The capaci tance method 

was extended t o  determine p o t e n t i a l s  o f  zero charge on s i l v e r  and 

n i c k e l .  

cons t ruc t ed .  

An apparatus  f o r  a t h i r d  method has  been designed and 

Experimental and Resul t s  

Apparatus and experimentation used are descr ibed i n  a previous 

1 r e p o r t .  

1. Platinum 

a. To t e s t  the  absence of H i n  P t  

It has been shownL t h a t  t h e  effect  o f  ..ydrogen occluded i n  
c) 

platinum is t o  s h i f t  t h e  P.Z.C. i n  a nega t ive  d i r e c t i o n .  

hydrogen-free platinum e lec t rodes  were obtained by hea t ing  i n  argon 

I n  t h i s  work, 

over  a pe r iod  of 3 hours. 

removing H from platinum, following experiment was'devised. 

To t e s t  t h e  v a l i d i t y  of t h i s  t reatment  f o r  

P t  wire was s e a l e d  i n  qua r t z  which i n t u r n  was sealed t o  pyrex 

' t r u b o r e '  t ub ing .  Platinum wire was melted i n t o  a bead i n  hydrogen- 

oxygen flame. The e l e c t r o d e  prepared i n  t h i s  manner was p u t  i n  a 

vacuum chamber (evaporat ion u n i t ) .  The platinum bead was heated i n  a 

10 
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0 c x x c e  ( p l ~ ; i x x n  virc murid on a quar tz  -cui;e) -LO EGO C, i n  a vacuum 

o l  lo-" rmn or be"uier Tor about 100 hours.  

Troz any iosorbed hydrogen. Tne e l ec t rode  'Grcrted i n  t h i s  manner cave 

s ixi lar  r e s u l t s  t o  those  previously obtained. See F ig .  1. 

T 

This  t rea t r ien t  f r eed  plat inum 

b.  E lec t ro lyze  concentrat ion v a r i a t i o n  of capaci tance i n  

a l k a l i n e  so lu t ions .  

F ig .  2 shows t'ne r e s u l z s  of t h e s e  experiments trhich were c a r r i e d  

out  i n  a s i rn i la r  riiixner t o  t h e  experinents  presented i n  t h e  l as t  r epor t . 3  

Tne concent ra t ion  ef l 'ect  i s  we l l  borne OUT t o  p o i n t  ou t  again t h a t  t h e  

~ i n i m m  i n  capaci tance i s  p o t e n t i a l  of ze ro  charge i n  a l k a l i n e  s o l u t i o n s  

a s  wei l .  

2. 3 e t e r a i n a t i o n  of p o t e n t i a l  of ze ro  charge of s i l v e r .  

The s i l v e r  bead e l ec t rode  w a s  prepared n e c e s s a r i l y  i n  a con t ro l l ed  

atmosphere of p u r i f i e d  argon. Secause a t  t h e  mel t ing  po in t ,  s i l v e r  

absorbs l a r g e  q u a n t i t i e s  or" oxygen. A vycor P u n a c e  w a s  b u i l t  i n  which 

tine t r a b o r e  e l e c t r o d e  could be moved t o  a des i r ed  p o s i t i o n .  P u r i f i e d  

argcA1 mn,.maa yaaa,..u :e r e a w e  3ir ccqX!.etely. The vycor furnace vas 

heated by a gas f la?e  t o  red heat.  

reduce t h e  oxide on s i l v e r  wire.  The fhrnace  vas heated s t r o n g l y  t o  mel t  

';ne s i l v e r  wire  i n t o  a bead i n  argon atmosphere. 

The e l ecmode  vas aga in  heated i n  argon, hydrogen and argon 

Small amount or" hydrogen was passed t o  

success ive ly  t o  remove any a i rborne  oxide. The e l e c t r o d e  was s l ipped  

i n t o  s o l u t i o n  t o  c a r r y  out t h e  measurements. Fig.  3 and Fig .  4 show t h e  

r e s u l t s  obtained by g iv ing  d i f f e r e n t  t rea tments  t o  t h e  s i l v e r  e l e c t r o d e .  

:hen an e l e c t r o d e  a 2 t e r  dipping i n  t h e  s o l u t i o n  vas given anodic-cathodic  

pu l s ing  ending with a ca thodic  pulse  r e s u l t s  as shoim i n  Fig.  3 were ob- 

L Whereas v i t h o u t  S iv ing  any pu l s ing  and making measurements 
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from the ca thodic  s i d e  gave r e s u l t s  l i k e  i n  Fig.  4 .  The p c t e n t i a l  of 

zero  charze values  of s i l v e r  are: ( i>  P . Z . C .  = -450 * 2 5  mv ( N . H . E . )  

a t  pH = 3 .  (ii) f o r  anodic-cathodical ly  pulsed s i l v e r ,  t h e  p o t e n t i a l  

of ZSPO charge is closer t o  0.0 (X.E.E.), a t  pE = 3 p e r c h l o r i c  acid 

s o l u t i o n .  

method. 

The l a t t e r  value is i n  f a i r  agreement with t h a t  o f  t h e  first 

3. P o t e n t i a l  of zero charge of  n i c k e l  

In  case of n i c k e l  a l s o ,  a s p e c i a l  procedure was necessary t o  

nake oxide f r e e  n i c k e l  e lec t rodes .  

temperatures  20OOC above m.p. of n i c k e l .  I t  presented  cons iderable  

d i f f i c u l t i e s  t o  achieve melt ing of  n i c k e l  wire i n t o  a bead. I t  was 

c a r r i e d  ou t  i n a n  svaporat ion uni t  b e l l - j a r  having f a c i l i t i e s  t o  move 

No t r anspa ren t  m a t e r i a l  can s t and  

t h e  e l e c t r o d e  up and down. 

i n  t he  u n i t .  

The e l ec t rode  with n i c k e l  wire was mounted 

A heavy tungs ten  f i lament  was placed j u s t  below t h e  

n i c k e l  w i r e .  The chamber was evacuated t o  5 x lo-' mm of  Hg. 

80 amp. cu r ren t  was passed through t h e  con ica l  tungs ten  w i r e  basket  

ro m e i t  t h e  0 .2  mm N i  w i r e  i n t o  a s p h e r i c a i  bead. 

About 

The vapor p re s su re  

of tungsten a t  250OOC i s  about mm and t h a t  of  n i c k e l  a t  155OOC is 

40 mm. 

The n i c k e l  e l ec t rode  was heated i n  hydrogen and argon above t h e  c e l l  t o  

rernove t h e  oxide on N i ,  i f  any. 

pe rch lo ra t e  s o l u t i o n  of pH = 1 0  and capaci tance measurements were 

c a r r i e d  ou t .  

Thus no contamination of N i  is  t o  be expected from tungsten.  

The e l ec t rode  was dipped i n  a sodium 

I t  can be seen t h a t  capaci tance minimum occurs  a t  -200 mv (N*H,*E.*) 

( c f .  Fig.  5). This value is i n  f a i r  agreement with t h e  first method. 

12  



Future Work 

The design and construct ion of t h e  apparatus  f o r  measuring 

c o e f f i c i e n t  of  f r i c t i o n  as a funct ion of p o t e n t i a l  w i l l  be presented 

i n  t h e  next  r e p o r t .  

t h i s  time. 

Prel iminary measurements are being c a r r i e d  ou t  a t  

The p o t e n t i a l s  of zero charge by t h i s  method w i l l  be r epor t ed  

la ter .  

\ 
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CAPTIONS TO F I G U Z S  

Pig. 1: Capacity in UF VS. potential in mv (WE) for a platinum bead 

electrode which was treated in vacuum to remove traces of 

hydrogen. 

Fig. 2: Capacity in IJF cm -2 vs. potential in mv ( M E )  for platinum as 

- o - NaOH only; - A - 6 x 10 -4 M KClO4; - x - 5 x 10 -3 M 

Capacity in UF cm -2 vs. potential in mv ("E) on silver which 

a function of KC10b concentration variation at a constant pH = 

10. 

KC104. 

Fig. 3: 

was anodically and cathodically pulsed. 

pH = 3.  

Capacity in pF cm'* vs. potential in mv ("E) for silver which 

was not treated by pulsing. 

Capacity in VF cm'2 VS. potential in mv (WE) for nickel in 

HC10b solution of 

Fig. 4: 

HCiO4 solution of pH = 3 .  

Fig. 5': 

~ ~ 1 0 4  solution at p~ = 10. - o - 5 x 10 -4 M ~ ~ 1 0 ~ ;  - x - 7 x 

M KC104. 
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SECTION IV. .4dsorption i n  t h e  Double Layer with S p e c i a l  Reference t o  

Therma l  Effects. 

I n  t h e  r e p o r t  per iod f i n a l  measurements on systems with benzene 

were c a r r i e d  ou t  i n  o r d e r  t o  evaluate  two methods on i n v e s t i g a t i o n  of  

absorpt ion.  

method came t o  t h e  f i n a l  s t a g e  i n  p r e s e n t  frame work consider ing 

adso rp t ion  of benzene, and measurements by p o t e n t i o s t a t i c  s t e p  method, 

were i n i t i a t e d .  

Measurements by p o t e n t i a l  sweep method and g a l v a n o s t a t i c  

Experiment a1 

C e l l .  

methods, has been used. 

To c a r r y  ou t  t h e  experimental  work t h e  same c e l l ,  f o r  a l l  t h r e e  

The two compartments c e l l  has been made from 

Pyrex g l a s s  [Fig. 11, and provides temperature c o n t r o l .  As a h e a t e r  

served hea t ing  t a p e ,  and temperature c o n t r o l l e r  was model 7 1  Yellow 

Spring Instruments.  

E lec t rodes .  

LIX centrum of t h e  c e i i ,  c i o s e  t o  t h e  t o p  of Luggin c a p p i i a r y ,  and 

surrounded by platinum basket as  counter  e l e c t r o d e .  

A s  t e s t  e l e c t r o d e  served p l a t i n i z e d  P t  bead, mounted i n  

-a - 

The real  area o f  t h e  t e s t  e l e c t r o d e  was determined by capac i ty  

measurements (by g a l v a n o s t a t i c  charging method), as descr ibed ear l ie r .  
1 

Solut ion.  

b i d i s t i l l e d  water and B a k e r  grade Sulphuric  a c i d ,  t r e a t e d  with H202 t o  

ox id i ze  even tua l ly  p re sen t  organics. 

All measurements were done i n  1 N s u l p h u r i c  a c i d ,  u s ing  

Before i n j e c t i n g  benzene, through 

t h e  s o l u t i o n  p r e p u r i f i e d  ni t rogen was bubbled fo r  about two hours.  

Labeled benzene was used, and t h e  bulk concen t r a t ion  was always 
. .  
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e a s i l y  checked us ing  l i q u i d  s c i n t i l l a t i o n  counter .  This  becomes important  

a t  h ighe r  temperatures  ( S O 0  and 70°)  due t o  evapora t ion  of benzene from 

t h e  s o l u t i o n .  

Resu l t s  

P o t e n t i a l  sweep method. 

a t  t h r e e  d i f f e r e n t  temperatures  (30, 50 and 7 0 O ) .  

Measurements by P.S.M. w e r e  c a r e f u l l y  reexamined 

Time dependence of  adsorp t ion  fo r  d i f f e r e n t  concen t r a t ions  and 

a t  d i f f e r e n t  temperatures  is given i n  Fig. 2-4. As it is shown a t  lower 

temperature  k i n e t i c s  of adsorpt ion is  very slow even a t  high concen t r a t ions  

of benzene, and it gets f a s t e r  with h ighe r  temperature  (compare Figs .  2-4). 

Isotherms are taken a lso a t  t h r e e  mentioned temperatures  and 

r e s u l t s  are given i n  Fig.  5-7, along with r e s u l t s  ob ta ined  by r a d i o t r a c e r  

method. 

P o t e n t i a l  dependence for  d i f f e r e n t  concen t r a t ions  a t  5OoC is 

g iven  i n  Fig. 8-10. 

is  400 mV vs. W.H.E. 

P o t e n t i a l  at which maximum of adsopr t ion  is achieved 

The.maximum is very w e l l  pronounced bu t  with h igher  

concen t r a t ions  of benzene t h e  maximum is  somewhat s h i f t e d  t o  a l i t t l e  

b i t  more anodic  reg ion  (between 400-500 mV). 

P.S.N. was descr ibed  previous ly .  

The way of c a l c u l a t i o n  for 

2 

Galvanos ta t i c  method. 

c a r r i e d  ou t .  

A t  one temperature ( 5 O O C )  measurements were 

Time dependence for several concen t r a t ions  was checked (F igs .  11 

and 12) .  \ 

Isotherm a t  SO0 is given along wi th  p o t e n t i a l  sweep measurements 

and radiotracer r e s u l t s  in Fig. 6. 
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P o t e n t i a l  dependence a t  two concen t r a t ions  was examined and 

r e s u l t s  are presented i n  Fig.  7 and 9 i n  comparison with r a d i o t r a c e r  

r e s u l t s  and r e s u l t s  obtained by p o t e n t i a l  sweep method. 

The r e s u l t s  given i n  these  r e p o r t  f o r  g a l v a n o s t a t i c  method are 

2 c a l c u l a t e d  i n  t h e  same way as reported ear l ier .  

P o t e n t i o s t a t i c  method. 

app l i ed  are i n i t i a t e d .  

g i v e s  a p o s s i b i l i t y  t o  p o t e n t i o s t a t e  t h e  t es t  e l e c t r o d e  a t  c e r t a i n  

p o t e n t i a l  (Vad>  during t h e  time T 

s t e p  i n  t h e  range from 0 t o  1 V. 

Measurements i n  which p o t e n t i o s t a t i c  method is  

The p o t e n t i o s t a t i c  switch is designed3 which 

and then t o  apply t h e  p o t e n t i a l  ad ’ 

The prel iminary measurements showed t h a t  t o  ox id ize  t h e  adsorbed 

s p e c i e s  it would be necessary t o  reach +1.5 V ( v s .  N.H.E. ) .  

measurements t h e  t es t  e l e c t r o d e  was p o t e n t i o s t a t e d  a t  +500 mV, and then  

I n  t h e s e  

af ter  time T 

i n  presence and i n  absence of benzene. 

i n t o  account t o  i e t  t h e  number of coulombs used i n  ox ida t ion  of adsorbed 

t h e  s t e p  o f  1 V was app l i ed .  The same p i c t u r e  is taken 

Fig. 12 shows t h e  area taken 

ad 

benzene. 

The i n t e g r a l  under t h e  I-t curve g i v e s  t h e  number o f  coulombs. 

Curve A g i v e s  t h e  amount of coulombs due t o  ox ida t ion  of t h e  e l e c t r o d e  

and t h e  area under t h e  curve B gives  t h e  amount o f  e l e c t r i c i t y  due t o  

ox ida t ion  of adsorbed s p e c i e s  and due t o  o x i d a t i o n  of e l e c t r o d e  surface. 

Thus, 

Q, = l i ( t I A d t  

Q, = l i ( t I B d t  

The d i f f e r e n c e  between t h e s e  t w o  i n t e g r a l s  g i v e s  t h e  amount of electri-  

c i t y  consumed i n  ox ida t ion  of adsorbed spec ie s .  
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QB - QA 

The r epor t ed  m 

= j[i(t), - i ( t ) * j d t  

DISCUSSION 

( 3 )  

asurements by p o t e n t i a i  sweep method anL 

g a l v a n o s t a t i c  method, show t h a t  r e s u l t s  obtained by t h e s e  two e l e c t r o -  

chemical methods are f a i r l y  c lose.  

was expected. 

e q u i v a l e n t ,  and one should expect t h e  agreement as obtained.  

Agreement i s  s a t i s f a c t o r y  good, and 

A s  it was shown previously2 t h e s e  two methods are 

The l ack  of  experimental  r e s u l t s  does no t  allow t o  make a n a l y s i s  

and conclusions about p o t e n t i o s t a t i c  method i n  adsorpt ion s t u d i e s .  

Isotherms. 

methods g ive  very close r e s u l t s ,  and d i sc repanc ie s  obtained are wi th in  

As it is shown i n  F i g .  6 ,  isotherms obtained by d i f f e r e n t  

experimental  e r r o r s  of each of these methods. 

One should have i n  mind t h a t  i n  case o f  g a l v a n o s t a t i c  r e s u l t s  

Namely, c a l c u l a t i o n  should be c a r r i e d  out i n  a l i t t l e  d i f f e r e n t  way. 

as with potential sweep measurements c a l c u l a t i o n s  took i n t o  account t h a t  

amount of  coulombs due t o  oxidat ion of t h e  e l e c t r o d e  would no t  be t h e  

same i n  absence as i n  presence of organics  - t h e  same es t ima t ion  should 

be brought up i n  case o f  g a l v a n o s t a t i c  measurements. The d i f f e r e n c e  is 

n o t  expected t o  be s i g n i f i c a n t  (what is easy t o  check with p o t e n t i a l  

swee? neasurements). 

Isotherms taken a t  30° and 7OoC show somewhat g r e a t e r  d i s c r e -  

pancies  but  s t i l l  w i t h i n  experimental  e r r o r s  expected f o r  t h e s e  methods. 

P o t e n t i a l  dependence. As shown in  F igs .  8-10 s a t i s f a c t o r y  good agreement 

is obtained,in some extent,between d i f f e r e n t  methods. I t  is p o s s i b l e  t o  

see t h a t  " t r a n s i e n t  methods" results i n  0 -po ten t i a l  curve with some 
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d i f f e r e n t  shape then r a d i o t r a c e r  method. 

i n  case of t r a n s i e n t  methods i s  somewhat s h i f t e d  t o  t h e  cathodic  region 

P o t e n t i a l  of maximum adso rp t ion  

( =  100 m V )  i n  r e fe rence  t o  t h e  r a d i o t r a c e r  method. Also with t h e s e  

methods t h e r e  is  no s i g n  of reaching t h e  p l a t e a u  i n  c e r t a i n  r eg ion  of 

p o t e n t i a l  a t  h ighe r  concentrat ions of benzene, what is t h e  case with 

r a d i o t r a c e r  method. 

Future  work. 

q u a n t i t a t i v e  ana lyses  and comparison between e l ec t rochemica l  methods 

P o t e n t i o s t a t i c  measurements should be f i n i s h e d ,  and 

and r a d i o t r a c e r  method should be done. 
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Captions t o  Figures  

1) The c e l l :  1 - t e s t  e l e c t r o d e ,  p l a t i n i z e d  platinum bead 
2 - counter  e l e c t r o d e ,  platinum basket  
3 - magnetic s t i r r e r  
4 -  r e fe rence  e l e c t  rode 
5 - temperature c o n t r o l l e r  

2)  T i m e  dependence of adsorpt ion of benzene a t  3 O O C .  
Examined by p o t e n t i a l  sweep method. 

C = 1 9 0 ~ 1 0 - ~  moles/& 

3 )  Time dependence of  adsorpt ion of benzene: t = 5OoC 
Examined by p o t e n t i a l  sweep method. C = 1 4 0 ~ 1 0 - ~  moles/& 

V = 500 mV 

4 )  Time dependence of adsorpt ion of benzene: t = 7OoC 
Examined by p o t e n t i a l  sweep method. C = 7 2 ~ 1 0 - ~  moles/ll 

V = 500 mV 

5 )  Isotherms f o r  benzene adsorpt ion a t  3OoC, and 500 mV 

0 circles - p o t e n t i a l  sweep method 
squares  - r a d i o t r a c e r  method 

6) Isotherm f o r  adsorpt ion of benzene a t  5OoC and 500 mV 
squares  - r a d i o t r a c e r  method 

0 circles .- p o t e n t i a l  sweep method 
X c ros ses  - g a l v a n o s t a t i c  method 

7 )  Isotherm f o r  adsorpt ion of benzene a t  7OoC, and 500 mV 

0 c i r c l e s  - p o t e n t i a l  sweep method 
squares  - r a d i o t r a c e r  method 

8) P o t e n t i a l  dependence of adsorpt ion,  t = 5OoC 

squares  - r a d i o t r a c e r  method c = 1 2 x 1 ~ - 7  moles/& 

0 circles - p o t e n t i a l  sweep method 
X c ros ses  - g a l v a n o s t a t i c  method 

9) P o t e n t i a l  dependence of adsorpt ion,  t 5OoC -7 squares  - r a d i o t r a c e r  method ( 70x10 moles/E 1 
0 circles - p o t e n t i a l  sweep method (78x10-7 moles/E) 

10) P o t e n t i a l  dependence of adsorpt ion,  t = 50°$ 
0 c i rc les  - p o t e n t i a l  sweep method (140x10- 
X c ros ses  - g a l v a n o s t a t i c  method (105x10-7 moles/&) 

moles/&) 

11) Tine dependence of adsorpt ion of benzene a t  5OoC, examined by 
g a l v a n o s t a t i c  method. 

12) Typical p o t e n t i o s t a t i c  t r a n s i e n t  curve ( A )  i n  absence and ( B )  i n  
presence of benzene f o r  t h e  p o t e n t i a l  s t e p  from 500 mV t o  1500 mV. 
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SECTIOK V. ELECTRODE KINETIC ASPECTS OF ENERGY CONVERSION 

The book with D r .  Sr inivasan (MacGraw-Hill) cont inues t o  be 

w r i t t e n .  

now been s e n t  t o  a t  least  2 r e f e r e e s  p e r  chap te r  and t h e i r  comments 

taken i n t o  account i n  r e v i s i o n s  made throughout t h e  book. The time 

spen t  on t h e  book a t  p re sen t  i s :  

S. Sr inivasan:  25 hours/week 

J .  O ' M .  Bockrisc:: 10 hours/week 

Schedule : 3 chap te r s  s e n t  t o  p u b l i s h e r s  Feb. 1967 

I t  i s  between t h e  2nd and t h e  3rd d r a f t .  A l l  chap te r s  have 

7 f u r t h e r  chap te r s  ( i . e . ,  r e s t ' o f  Look) 

May lst ,  1967 

&Al te rna t ive :  2 day weekend s t r e t c h e s  of about 20 hours i n  d i scuss ion  

with D r .  Sr inivasan.  
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S E C T I O N  V I .  THEORY OF CHARGE TRANSFER 

Mr. J .  Diggle,  who i s  j u s t  completing t h e  research  degree of 

t h e  Royal I n s t i t u t e  of Chemistry, is delayed i n  a r r iva l . ,  due t o  t h e s i s  

wr i t i ng .  He w i l l  work on t h e  charge t r a n s f e r  problem i n  s o l u t i o n  when 

he a r r i v e s .  
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SECTION VII. INTRODUCTION TO ELECTROCHEMISTRY 

The t h i r d  d r a f t  is a r r i v i n g  s t e a d i l y  from D r .  Reddy. 5 ou t  of 

1 0  chap te r s  have been received and r e p r e s e n t  reworkings of t h e  2nd 

d r a f t  which was prepared i n  Bangalore by d i r e c t  c o l l a b o r a t i o n  Bockris - 
Reddy i n  June and J u l y ,  1966. 

Bockris then has t o  prepare t h e  4 th  d a r f t ,  g e t  it reviewed, 

t a k e  i n t o  account t h e  cri t icism, and send t o  t h e  pub l i she r .  

Time spen t  by Bockris: 1 0  hours/week. 

Schedule: 

Bockris f i n i s h e s  o t h e r  tasks August lst, 1967. 

Reddy f i n i s h e s  sending 3rd d r a f t  by A p r i l  30, 1967. 
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1. Forces involved i n  t h e  S p e c i f i c  Adsorption o f  Ions on metals from 
aqueous s o l u t i o n ,  J .  O'M. Bockris and T. Anderson, Electrochimica 
Acta, ,?, 347 (1964). 

2. Electrochemical K ine t i c s  of Parallel  Reactions,  E .  G i l ead i  and S. 
S r in ivasan ,  J .  of Electroanal .  Chem., 7 (1964) 452-457. 

3. E l e c t r o c a t a l y s i s ,  J .  O'M. Bockris and H. Wroblowa, J. Elec t roana l .  
Chem., 7 (1964) 428-451. 

4. Basis of p o s s i b l e  continuous self a c t i v a t i o n  i n  an e l ec t rochemica l  
energy conve r t e r ,  J .  O'M. Bockris,  B. 3. Piersma, E .  G i l ead i  and 
B. D .  Cahan, J. E lec t roana l .  Chem., 7 (1964) 487-490. 

5. El l ipsometry i n  Electrochemical S t u d i e s ,  A.  K .  N .  Reddy and J .  O'M. 
Bockris,  U. S. Dept. Comm. Natl. Bureau of Standards,  Misc. Publ i -  
c a t i o n  256, Sept.  1 5 ,  1964, 229-244. 

6.  E l l i p somet r i c  Study of oxygen-containing f i l m s  on Platinum e l e c t r o d e s .  
A .  K .  N .  Reddy, M. Genshaw and J. O'M.  Bockris,  J. Elec t roana l .  
Chem., 8 (1964) 406-407. 

7. E l l i p somet r i c  Determination of t h e  Film Thickness and Conduct ivi ty  
during t h e  Pass iva t ion  Process on Nickel,  A. K. N .  Reddy, M. G. B. 
Rao and J. O'M. Bockris ,  J. Chem. Phys., - 4 2 ,  6 ,  2246-2248, 15 March 
1965. 

8. A Brief Outl ine of E l e c t r o c a t a l y s i s  , J. O'M.  Bockris and S.  S r in ivasan ,  
18th Annilal Troceedings Toxei. Soiirces Ccnference, Hay 1965. 

9. Proton Trans fe r  across Double Layers,  J. O'M.  Bockris,  S. S r i n i v a s a n ,  
and D. B. Matthews, Disc. Faraday SOC., 1965, No. 39. 

10.  Fundamental s t u d i e s  of t h e  mechanism of porous e l e c t r o d e s ,  J. O'M. Bockris ,  
L. Nanis and B. D.  Cahan, J. E lec t roana l .  Chem., 9 (1965) 474-476. 

The P o t e n t i a l  of Zero Charge on P t  .and i t s  pH Dependence, E .  G i l e a d i ,  
S. D. Argade and 3. O'M. Bockris,  S .  Phys. Chem., 1966, Vol. - 70, 
2044. 

11. 

12. The P o t e n t i a l  Sweep Method: A ' T h e o r e t i c a l  Analysis ,  S. S r in ivasan  
and E .  G i l e a d i ,  Electrochim. Acta, - 11, 

Elec t rode  K i n e t i c  Aspects of Electrochemical  Energy Conversion, 
J. O'M. Bockris and S. Sr inivasan,  J. Electroanal. Chem., - 11, (1966) 

(1966) 321-335. 

13. 

350-389. 
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14. An E l l ip somet r i c  Determination o f  t h e  Mechanism of P a s s i v i t y  of 
K i c k e l ,  J. O'M. Bockris,  A .  K .  N .  Reddy and B.  Rao, J .  Electrochem. 
SOC., 113, 11, (1966) 1133-1144. - 

The fol lowing are i n  course of  pub l i ca t ion  

15. An e l l i p s o m e t r i c  s tudy of  oxide f i l m s  on platinum i n  a c i d  s o l u t i o n s ,  
J. O'M. Bockris,  A. K .  N.  Reddy and M. Genshaw. 

16. E l e c t r o c a t a l y s i s  i n  Ethylene Oxidation, A.  Kuhn, H .  Wroblowa and 
J .  O'M. Bockris. 

17.  E l e c t r o s o r p t i o n ,  e d i t e d  by E. G i l e a d i ,  Plenum Press .  

18. Theory of Porous Gas Diffusion Electrodes Using t h e  Thin Film Model, 
S. S r in ivasan  and H.  D. Hurwitz, Electrochem. Acta. 

19.  Chapter on Electrochemical Techniques i n  Fuel  C e l l  Research, t o  
be publ ished i n  Handbook on Fuel C e l l  Technology, e d i t e d  by C. 
Berger,  P r e n t i c e  Hall. 

20. P o t e n t i a l  of Zero Charge, S. D. Argade and E. G i l e a d i ,  i n  Electro- 
so rp t ion .  Ed. by E. G i l e a d i ,  Plenum P r e s s  (1967). 

21. On a Comparison of Techniques fo r  Measuring t h e  Adsorption of 
Organic Materials on E lec t rod ic  C a t a l y s t s ,  L. Duic and J. O'M. 
Bockris . 
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